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Abstract 

Purpose: Ansamycin. antibiotics, including 17- 
anyIiimino-17-demethoxygeldanamycin (17-A4G), inhibit 
Hsp90 function and cause the selective degradation of sig- 
naling proteins that require this chaperone for folding. Be- 
cause mutations in the androgen receptor (AR) and activa- 
tion of HER2 and Akt may account, in part for prostate 
cancer progression after castration or treatment with anti- 
androgens, we sought to determine whether an inhibitor of 
Hsp^O function couid degrade these Hsp90 client proteins 
and inhibit the growth of prostate cancer xenografts with an 
acceptable therapeutic index. 

Experimental Design: The effect of 17-AAG on the ex- 
pression of Hsp90 regulated signaling proteins in prostate 
cancer cells and xenografts was determined. The pharma- 
codynamics of target protein degradation was associated 
with the toxicology and antitumor activity of the drug. 

Results: 17-AAG caused the degradation of .HER2, Akt, 
and both mutant and wild-type .AR and the retinoblastoma- 
dependent growth arrest, of prostate cancer cells. .At 
nontoxic doses, 17-AAG caused a dose-dependent decline in 
ARj HER2, and .Akt expression in prostate cancer xe- 
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nografts. This decline was rapid, with a 97% Joss of HER2 
and an 80% loss of .AR expression at 4 h. 17-A.AG treatment 
. at doses sufficient to induce ,AR, HER2, and .Akr degrada- 
tion resulted in the dose-dependent inhibition of androgen- 
dependent and -independent prostate cancer xenograft 
growth without toxicity. 

Conclusions: These data demonstrate tliat, at a tolera- 
ble dose, inhibition of Hsp90 function by 17-.A4G results in 
a marked reduction in HIRI, A.R, and .Akt expression and 
inhibition of prostate tumor growth in mice. These results 
suggest that this drug may represent a new strategy for the 
treatment of prostate cancer. 

Introduction 

Prostate cancer can be eradicated when localized, but sys- 
temic disease remains incurable. Androgen ablation is the stand- 
ard treatment for advanced disease, but despite dramatic clinical 
responses, virroally all of the patients relapse (1), The mecha- 
nisms responsible for disease progression afrci castration or 
treatment with antiandrogens are complex and not fully under- 
stood. The AR^ is expressed at noiinal or amplified levels in 
most patients with androgen-independent disease, and several 
gain of function mutations have been characterized (2-4). These 
include mutations within the ligand-binding domain that alter 
ligand-binding specificity and have been associated with clinical 
progression after antiandrogen therapy (4). 

hi a majority of cases, changes in the AR gene have not been 
identified suggesting that other mechanisms must be involved. 
Recent studies show that activation of receptor tyrosine kinase 
signaling pathways leads to phosphorylation of steroid receptoi^ 
and their activation in a ligand-independent manner (5-8). In one 
experimental system, selection for prostate timior cells that grow at 
low levels of androgen was associated with overexpression of the 
HER2 receptor tyrosine kinase (9). Thus, prostate cancer rumor 
gro^^nh after castration or treatment with hormone receptor anras- 
onists may be mediated by AR mutation or its ligand-independent 
aciivation by upstream tyrosine kinase pathways. - . 

Ansamycin antibiotics, exemplified by GM, are natural 
products that bind to a conserved pocket in the Hsp90 family of 
chaperone proteins (10-12). Hsp90 is not required for general 
cotranslational protein folding but does play a role in the re- 
folding of protems in cells exposed to stress (i3, 14). It is also 
required for the conformational mararation of Raf and steroid 
receptors (15, 16). nigh concentrations of ansamycins prevent 



^ ihe abbreviations used are: AJl, androgen receptor; GM, geldanamy- 
cin; 17-AAG, 17-allylar7iino-] 7-demerhoxyge!daaamycin: R3. retino- 
blastoma; Pi3i;, phosphatidyl inositol 3-kinase: MAFK, mitogea-acd- 
vated protein kinase; E?L, egg-phosphoiipid;'?SA, prostate spoc\fic 
antigen. 
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Fig. J Structures of GM and 17-AAG. 



the binding of Hsp90 to its target proteins, which then cannot 
achieve their mature conformation (11). In addition, binding of 
ansamycins to rhe Hsp90-unfoJded protein complex stabilizes 
the complex by preventing the ATP-dependent release of the 
chaperones (IS, 19)'. The unfolded proteins in the complex are 
then ubiquinated and targeted for desradation in the protsasome 
21). 

Occupancy of the ?Tsp90 pocket by GM causes the degra- 
dation of several signaling proteins important in mediating 
prostate cancer growth. These include AR and members of the 
HER family of receptor t)TOsine kinases (15, 18,, 20-22). Here 
we show that treatment of prostate cancer cell lines with the GM 
derivative i7-AAG (Fig. 1) results in the degradation of HER2, 
and both wild-type and mutant AR, grov/th arrest, and an 
RB-dependent Gj block. Furthermore, at nontoxic doses, 17- 
A.AG induces the degradation of AR and HER family tyrosine 
kinases in prostate tumors, and inhibits their growth. These data 
suggest that 17-AAG is effective in inhfoiting pathways re-, 
quired for the growth of advanced prostate cancer. Moreover, 
ansamycins can inhibit Hsp90 function in mice without toxicity 
and, clius, may represent a new strategy' for the treatment of this 
disease. 

Materials and Methods 

Materials, 17-AAG (NSC 330507) was obtained from 
the Drug Synthesis and Chemistiv Branch, Developmental 
Therapeutics Program, National Cancer Institute (Bethesda, 
MD). Drug was dissolved in DMSO to yield 10 ilm and 50 
mg/mi stock solutions, and stored ai -ZQ^'C. The foilowin? 
antibodies were used: Alct (Cell Signaling, Beverly, MA; 1 :500X 
.AR (PharMingen, San Diego, CA; 1:250 for immunoblof and 
1:100 for immunofluorescence), HHR2 (Santa Cruz Biotechnol- 
ogy, Santa Cr^z, CA; C-18, 1:1000), HBR3 (Santa Cruz Bio- 
technology; C-17, 1:1000), Hsp70 (StressGene, Victoria, British 
Columbia, Canada; l:j000), Hsp90 (StressGene; . 1:1000), 
MAPK (Cell Signaling; 1:]000), p85 subunit of PI3k (Upstate 
Biotechnology,- Lake Placid, NY; 1 :2000), and R3 (Phar- 
Mingen; 1:1000). 

Cell Culture. The human prostate cancer cell lines 
LHCaP, DU-1 45, and PC-3 were obtained from the American 
Type Cuimre Collection (Rockwille, MD) and maintained in 
RPMI 1640 supplemented with 5-10% heat- inactivated feral 
bovine serum, 2 mM glutamine, and 50 units/ml of penicillin and 
streptomycin in a humidified 5% COvair atmosphere at 37°C- 



LAPC-4 was generously provided by Cnaries S^\^7ers (UCLA, 
Los Angeles, CA) and maintained in Iscove's modified Dulbec- 
co's medium supplemented with 10% fetal bovine serum and 10 
nM RJ88i, 

For the Alamar Blue proliferation assay, 2-4 X 10^ cells 
were plated in 96-well plates. Later (48 h), cells were treated 
with 17-.AAG for 96 h or 0.01% DMSO as control On day 4, 
Alamar Blue viability- assay (AccuMed, Westlake, OH) was 
performed as descrfoed elsewhere (23). ICjo.and ICgoS were 
calculated as the doses of 17-AAG required to inhibit cell 
growth by 50 and 90%, respectively. Cell cycle distribution was. 
assayed as described previously by Nusse et al (24) with a 
Becton Dickinson fluorescence-activated cell sorter and ana- 
lyzed by the Cell Cycle Multicycle system (Phoenix Flow 
System, San Diego, CA). 

Immunoblotting. For immunob lotting, ceils in culture 
were harvested in medium, washed ' twice in PBS, and then 
dissolved in SDS lysis buffer [50 mM Tris-HCl (pH 7.4) and 2% 
SDS], boiled for i 0 min, and sonicated briefly. Cell Jysates were 
cleared by centrifugation at 14,000 X ^ for 10 min, and super- 
natants were collected as the experimental samples. Lysates 
were added to sample buffer [0.3125 m Tris-HCl (pH 6.S). 10% 
SDS, 50% glycerol, and 77.5 mg/ml DTT], and equal amounts 
of protein were resolved by SDS-PAGE and transferred to 
nitrocellulose membranes. Blots were blocked in 5% nonfat 
milk in Tris-bufiered saline [0.1% Tween 20, 10 mM Tris (pH 
7-4), and 150 mM NaCl] and subsequently probed with the 
antibody of interest. After incubation with horseradish peroxi- 
dasc-conjugated secondary aintibodies, proteins were visualized 
by chemilurainescence (Amersham Corp., Piscataway, NJ). To 
prepare lysate from xenograft tumors, tumor tissue was homog- 
enized in 2% SDS lysis buffer for 30 s then processed as above.- 
Immunofiu ores can ce. For immunofluorescence, 5 X 
10" cells were plated onto fibronectin-coated chamber slides 
(Fisher Scientific). Cells were then incubated with 17-.AAG, 500 
HM, or 0.01% DMSO (control). At the indicated time points, 
slides were washed twice with ice-cold PBS, and fixed with 
methanol and acetone solution (1:1) for 5 min. Fixed monolay- 
ers were rehydrated with water and then blocked with 3% BSA 
in PBS solution. After nonspecific blocking, ceils were incu- 
bated with anti-AR monoclonal antibody in 1% BSA in PBS at 
room temperature then washed three times with PBS. Monolay- 
ers .were then incubated with an Alexa-488 conjugated second- 
ary antibody for 1 h at room temperature. Nuclei were stained 
with 0.5 p,g./ml bis-benzimide (Floechst 33342). 

Animal Studies; Four- to six- week old nwnu athymic 
male and female mice were obtained from the National Cancer 
Instimte-Frederick Cancer Center (Frederick, MD) and main- 
tained in ventilated caging. Experiments were carried out under 
an Institutional Anfmal Care and Use Committee-approved pro- 
tocol, and institutional guidelines for the proper and humane use 
of anunals in research, were followed. Before administration, 
i7-AAG was dissolved in an HPL vehicle developed for this 
purpose by the National Cancer inrutute. To aid in the identi- 
fication of an optimal dose and schedule, nontumor bearine 
mice were treated by i.p. injection with 25-200 rag'^cg of 17- 
AAG 5 days/week for 3 weeks or by the EPL vehicle alone. 
Serum samples v/ere taken from each group, and equal volumes 
were pooled on days 5, JO, and 15 of treatment for serum 
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^^/o-. 2 17-AAG treatment of 
prostate cancer ceij lines causes 
an R3-dependcnt cell cycle ar- 
rest. LAPC-4 (wild-t^T^c R3). 
LKCaP (wild-type RB), and 
DU-145 (mutant RB) cell lines 
were created with 0 (0.01% 
DMSO), 100, or 250 nM 17- 
AAG for 4S h. Cell c\'c\c dis- 
tribution was assessed by fluo- 
rescence-activated ceil sorter 
analysis. LAPC-4 and LNTCaP 
cells arrested in Gi. By immu- 
nofluorescent staining, DU-145 
cells arrested in mitosis (DNS). 



chemistry and iiver fonction analysis. At sacrifice, plasma sam- 
ples were collected for complete blood count. A gross necropsy 
was* penonned on all of the mice, and a complete necropsy, 
including histopathology, was performed on i animal/'groiip. 

Male animals were inoculated s.c. with minced tumor tissue 
from donor mice bearing the androgen-dependent CVVR22 xe- 
nograft line. Females were inoculated m the same way wiih the 
androgen-indepcndent xenografts CWR22R and CWRSA6. These 
variants were derived from tumors that regrew after castration- 
induced regression of CWR22 tumon (25)" Tumor cells were ' 
injecred together with reconstituted basement membrane (Matrieel; 
Collaborative Research, Bedford, MA). To maintain stable semm 
testosterone levels, i2.5-mg 90-d2y sustained release testosterone 
pellefe (Innovative Research of America, Sarasota, FL) were placed 
s.c. before inoculation with androgen-dependent tumor. Tumor 
dimensions were measured t^^ice a week with vernier calipers, and 
rumor volumes were calculated with the fomiula: 77/6 X larger 
diameter X (smaller diameter)^ Mice with established tumors 4-5 
mm in diameter were selected for study (n = 5-8 per treatment, 
group). All of the mice received Augmentm (AmoxiciniiL/Clavii- 
lanate poiassium; SmithlQine Beecham) in their drinking water 
while on therapy. Mice were sacrificed by CO, euthanasia. 

Both continuous and intermittent dosing schedules were 
studied. The "continuous" dosing schedule involved exposure to 
drug 5 days-Zweek for 3 consecurive weeks. In the "intermittenf 
schedule, mice were treated with one 5-day cycle and then 
monitored for tumor progression. Ai progression, mice were 
treated with a second 5-day cycle of dmg. In experiments with 
the androgen-dependent C wll22 tumor, seaim PSA levels were 
measured with the PSA Assay kit (American Qualex Antibod- 
ies, San Clemente, CA). 

^ In experiments designed to define the pharmacodivnamic 
eirects of i7-.AAG on AR and KER-kinase expression, mice 



with established himors were treated with i7-AAG at the doses 
specified or with EPL alone. At the time of sacrifice, serum was 
collected, and tumors were flash frozen or fixed in 10% buffered' 
formalin. Immunohistochemistry for AR (clone F39.4.1; 2 jitg/ 
ml; BioGenex, San Ramon, CA) and H£R2 (HercepTest; 
DAKO Corp., Carpinteria, CA) were perforraed as described 
previously (25, 26). Serum concentrations of 17-.AAG and 17- 
amino-17-demethoxygeldanamycin were determined by high- 
perfomiance liquid chromatography based on the method^of 
Egorin et ai (27). 

Statistical Analysis. A permutation test was used to 
compare the average rumor volume over time between sroups^ 
using 5000 resamples. The null h>'pothesis of this test^is that 
there is no difference in the change in tumor volumes over time 
between .Treatment groups. The statisric used to test this hypoth- 
esis was the sum of the squared differences berween mean tumor 
volume summed over ail time points, which in effect, compares 
the trajectories of the average tumor volume between treatment 
groups. It is denned as follows: 



where there are k time points and x^ and v. are the average mmor 
volumes at time / in each treatment group. The Wiicoxcn 
sum-rank test was used to compare treatment and control £n-oup 
serum ?SA values. 

Results 

17-AAG Inhibited J'rostste Cancer Cell Proliferation 
by Causing an RB-dependent G^ Grovth Arrest i7-.A^G 
is a less toxic derivative of GM now in clinical trial. We found that 
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rig. 3 Effsct of J 7-AAG on signaling protcins-in LNCaP and LAPC-4 
prostate cancer cells. CsUs were treated for 24 h with i7-AAG at the 
indicated doses or DMSO (0.01%) as control. By imraunoblot I7-AAG 
caused a dose-dcpendcnt decline in AR, HER2, KER3, and Akt expres- 
sion and hypophosphory-lation of RB. Levels of Hsp70 and tispSO Were 
increased. No change in p85 PI3k or M.APK expression was noted. 



17-AAG inhibited the smchonige-depsndent growth of foiir repre- 
sentative prostate cancer cell lines. After 96 h of exposure, iC5oS 
ranged from 25-45 hm (LNCaP, 25 nM; LAJ>C-4, 40 n,M; DU-145, 
45 nM; and PC-3, 25 nM). At doses that caused complete growth 
atrest (75-125 nw for LNCa? and LAPC-4; and 150-200 nu for 
DU-145), prostate cell lines with intact RB (LNCaP, LAPC-4, and 
PC-3) an-ested in Gj after i7-AAG irealment, whereas DU-145, an 
androgsn-independent cell line with mutated RB, arrested in mito- 
sis (Fig- 2; data not shown). Growth arrest was accompanied by 
hypophosphorylation of RB (Fig. 3). These data are consistent with 
previous results in which we showed that tlie ansamycin Plerbimy- 
cin A caused an RB-dependent Gj block with RB-negative cells 
undergoing arrest m prometaphase (28, 29). 

17-AAG Caused the Down-Regulation of HER2, HER3, 
and AR. jModulation of Hsp90 function by ansamycins causes 
The proteasomal degradation of a subset of cellular proteins. 
Most proteins and mRNAs are unchanged, as determined by 
evaluating multiple specific control proteins (PI3k and M.APK 
in rig. 3 and DNS), the lack of change in the patterns of total 
cellular protein expression (DNS), and microarray analysis (30). 
HER2 is expressed at significant levels in both LAPC-4 and 
LNCaP, and is one of the most sensitive and rapidly degraded 
targets of 17-a^aG (Fig. 3). HER3 and .Akt levels also dedined 
after 17-AACj treatment. 17-AAG increased the expression of 
the heat shock proteins Hsp90 and Hsp70. 

Both wild-type -AR (LAPC-4) and the Thr877.AJa AR mutant 
found in LNCa? are sensitive to the drag as determined by immu- 
noblot (Figs. 3 and 4). Exposure to 500 nM (24 h) of drug resulted 
in a 91% reduction in wild-type AJ^ and a 92% reducdon in the 
Thr877AJa .ar mutant expressed by LNCaP cells. In LNCa? cells 
gro'^'n in serum-supplemented medium., most AR resides in the 
nucleus. Six and 12 h after 17-AAG treatment, nuclear AR staining 
was lost, and only faint cytoplasmic staining could be idenriiled 
(Fig. 4). By 24 h, iJl staining was again apparent with 52% of cells 
demonstrating detectable levels of nuclear AR by immunofluores- 
cence. The intensity of nuclear AR staining within this population 



was heterogeneous with only 10% of cell demonstraTing nuclear 
-AR staining equivalent to control levels (Fig. 4). 

Toxicology Studies. The degradation of mutant AR and 
HER2 by 17-AAG suggests that this agent may be useful in the 
treatment of advanced prostate cancen. We sought to determine 
whether inhfoition of these pathways could be accornplished in 
vivo with nontoxic doses of 17-AAG. The GM-Hsp90 domain 
has been studied in various species (yeast, bacteria, Drosophila, 
mouse, and human) and is highly conser^'ed across species (11). 
Specincally, human and murine Hsp 90a have >99% homol- 
ogy. Tnerefore, we evaluated the toxicity profile and pharma- 
cology of 17-AAG in tumor and nontumor bearing rm/nu athy- 
mic mice. ] 7-AAG is metabolized by hepatic microsomes into 
at least iT/e metabolites (27). The major metabolite, 17-.AG, is 
active and is equally potent in degrading HER2 and .AR in 
LNCaP and, LAPC-4 cell lines.^ We measured 17-AAG and 
i7-AG plasma concentrations after i.p. administration of one 50 
mg/kg dose. 17-A.AG was rapidly absorbed, and peak levels of 
>10 LLM were achieved within 30 min. Serum levels of I7-AG 
> 1 \iM were also detectable by high-performance liquid chro- 
matography. Both 17-A.A.G and 17- AG were then rapidly 
cleared with no detectable plasma levels 8 h after injection. 

We found that the maximally tolerated dose of 1 7-AAG was 
schedule dependent and higher in conn*ol mice tlian" in tumor- 
bearing mice. In nontumor bearing mice, treatment with three 
consecutive 5-day cycles of 75 mg^Ocg or mox-e caused toxicity as 
evidenced by weight loss, elevated liver transaminase levels, ane- 
mia, and death (1 of 4 mice at the 75 mg/lcg dose level, 3 of 4 mice 
at 125 mg/kg, and 4 of 4 mice at 200 mg/kg). Necropsy of mice 
after treatment with 17-AAG or the vehicle alone revealed perito- 
nitis, possibly related to the i.p. route of administration, but no other 
gross or histological abnormalities. With less frequent dosing, up to 
] 50 mg/kg/day of drag could be safely administered without evi- 
dence of toxicity (weight loss or death). 

17-AAG Caused a Reduction in AR, KER2, and BGERj 
Expression in '^rost-^tft Cancer Xenograft Tumors. To de- 
termine whether nontoxic doses of 17-.AAG could induce down- 
regulation of AR and HER kinases in vivo, we studied the 
effects of 17-AAG on the expression of tliese cellular proteins in 
the CW'R22 xenograft model. In CWR22, the AR contains a 
mutation (hi stidine-> tyrosine at residue 874) located within the 
Hgand-binding pocket (31). Despite this mutation, androgens are 
still reqtiired for the growth of this tumor.* Castration of CWR22 
tumor-bearing mice causes tumor regression followed 80-200 
da3's later by a resumption of tumor growth (25). Several of 
these variants have been serially passaged, and two (CV/R22R 
and CWRSA6) were selected for additional use. 

We treated mice bearing CWR22 or CWRSA6 (androgen- 
independent) mmors with 25 or 50 mg/kg 1 7-AAG or EPL 
diluent for 4 days. After the fmal dose (S h), the mice were 
sacrificed and the tumors removed Four days of 17-AAG treat- 
ment resulted in a dose-dependent reduction in the expression of 
.AR, KE.R2, HBR3, and .Alct (Fig. 5A; CWR22 DNS). A dose of 
50 mg/kg resulted in an 87% decline in .AR, a 85% decline in 
HER2. a 50% decline in HER3, and a 60% decline in Al-:t 
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expression in CWRSA6 tumors. Treatment w^as also associated 
^ith an 8-fold increase in Hsp70 and a L5-fo]d increase in 
Hsp90 levels. No change in the expression of PI3k was noted. 

To characterize the kinetics of this effect, mice with well- 
estabJished CWRSA6 tumors of comparable size were treated 
with a single dose of 17-AAG 50 mg/kg and sacrificed pretreat- 
ment and from 2 to 48 h afterward. A rapid, >50% decline in 
AR, HER2, and HnR3 expression in the rumors was noted by 
2 h (Fig. SB). The maximal declines in AR and HER2 were 
noted ar 4 h: a 97% reduction in KER2 and an 80% reduction in 
AR. By 24 h, AR expression returned to near baseline levels, 
whereas a rise in KBR2 expression was not noted until 48 h after 
dnig administration. The kinetics of IiER2 recovery was similar 
in mice treated with 3 or 5 consecutive days of 1 7-AAG with its 
expression returning to near control levels 48 h after iht fmal 
dose of therapy (DNS). With a single dose of therapy, the effect 
of I7-.AAG on Ak-t expression was more delayed and less 
pronounced (maximum decline of 35% at 8 h) than that seen 
vv'ith AR, H£R2, and HER3 (DNS). 

In -untreated Cy^^SAS tumors, AR staining was compartmen- 
ialized in the nucleus (Pig. 5Q. The fi-equency and intensity of this 
staining was diminished 4 and 8 h after 17-AAG administration. A 
steep decline in the mitotic index and a loss in membranous HER2 
staining were also apparent at these time points. These data dem- 
onstrate that at nontoxic doses, 17-A^G induces the degiadation of 
AR, KlK2, HER3, and Akt in prostate tumors. 

17-A4G Inhibited the Growth of Androgen-dependent 
and Androgen-independent Prostate Cancers. We smdied 
the effects of two different dosing schedules of 17-.A^G on the 
growth of CV^^R22, CWRSA6, and CWR22R tumors. Tne in- 
termittent schedule consisted of a 5-day treatment cycle fol- 
lowed by 2 second cycle when definitive evidence of mmor 
regrowlh occurred. The continuous schedule was comprised of 
three consecutive weekly 5-dEy cycles. Both regimens caused a 
dose-dependent delay in xenograft tumor growth in all three 
models (Table 1; Fig! 6). For example, with the continuous 



schedule, 50 mg/kg 17-.A^G caused 80% growth inhibition of 
CWRSA6 tumor growth when assessed on the day the controls 
required sacrifice [Table 1; Fig, SA, mean tumor volume (treat- 
ment group) versus mean tumor volume (control) on day 29; 
P < 0.01]. With the intermittent schedule, 17-AAG caused '87% 
growth inhibition of CWRSA6 tumor growth (Table 1; Fie. 6£: 
P < 0.01). Similar results were noted with the parental CWR22 
model and with a second androgen-independent subline 
CWR22R. Furthermore, in mice bearing CWR22 tumors. 17- 
AAG treatment (50 mg/kg dose 'level) was associated in an 
-60% reduction in serum PSA (Day 25 semm PSA; intennit- 
tent schedule: 61% reduction versus control, P < 0,01] contin- 
uous schedule: 62% reduction, P < 0.01). These data' demon- 
strate that at tolerable doses, i7-AA.G inhibits the growth of 
prostate cancer cells in vivo. Additionally, growth Inhibition 
coirelates with a reduction in HER2, HER3, Ak-t, and the mu- 
tated AR (His874Tyr) expressed in the tumor. 

Discussion 

In this report, we examined the effects of 17-.AAG on 
prostate cancer growth using a pane] of prostate cell lines and 
the CWR22 xenograft model. 17-A.AG is a less-toxic derivative 
of the ansamycin GM and is now in clinical trial. We found that 
17-AAG causes the selective degradation of a subset of proteins, 
many of them involved in mitogenic signaling. These included 
both Wild-type (LAPC-4) and mutant (LNCaP, CWR22) ARs, 
and the rTER2 and FIER3 receptor tyrosine kinases. Tne expres- 
sion of Akt, which is do\^Tistream of HER2 and which may 
modulate AR signaling in tumors 'with HER2 overexpression, is 
also dowTi-regulated by the drag (8). Most cellular proteins 
including MAPK and Pr3k were unaffected. 

We have sliown previously that exposure of cancer cells to 
the ansamycins GM and herbimycin A leads to a loss of cyclin 
D-associated kinase activity and an RB-dependent G, growrh 
arrest (28). Cells lacking RB-function progress through G, 



Ci in teal Cancer Research 991 



25 




AR 



HER2 



Conrroi 



n-A.\G treated 
(50 m^/kg i.p,) 




d^.'fJ'i^Z-'r" °f CWRSA6 xenognift tumon from mice treated with 17-A.AG M doses of 25 me/k-^ and 50 male 

PTU rjfcl^^^ri T- ' ' ' =''P''«55ion. Levels of Hs?70 and Hsp90 wore increased. No chanie in the control Drotein dS5 

Pblc was noted, t ms experiment was repeated with a second set of animals with couivalcnt results. B mice with cstablishJ^ CWR^A^ 

experiment was repeated with z second set of animals with eauivalent results C immunohi'^to'^h'^misti^ of CWR ^r/vnl.t^- n ^.^'^ 
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50 
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42(24) 
67 (24) 
51 (25) 
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80 (29) 
87 (30) 
49 (2!) 
68(21) 
67(22) 



<0.01 

<ao] 

0.01 
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<0.01 
<0.0i 
0.01 
0.02 
<0.0I 



Domially in the presence of drug and arrest in prometaphase 
before undergoing aooptosis. D-cyciins are not direct targets of 
ansamycins, but iheir expression is controlled at the posVtnir- 
scripiional level by a PFSk/Akt kiiiase-dependent pathway (32). 
ConsisiersE with these Sndiiigs, LNC:a? and L.AP(:-4 (wiid-type 
RB) cells arrested in Gj, whereas DU-145, a cell line with 
mutant K3. arrested in mitosis. 

We found that 17-A.AG treatment rediiced the expression of 
AJi in prostate cancer xenograns and inhibited the growth of both 



androgen-dependcnt and -independent tumors. The maximum ef- 
fect of 17-.AAG on AR expression in the tumors wzfs evident 4-8 
h after treatment v^ith receptor levels returning .to baseline by 24 h. 
The degradation of wild-type and mutant AR by drug sugeests that 
this class of agents may be particularly eifeciive in the treatment of 
advanced androgen- independent prostate cancer. Tlie mechanisms 
responsible for the emergence of androgen- independent disease are 
complex and.not iuily understood In a subset of patients treated. 
With AR antagonists, clinical progression is associated with AR 
gene amplification or mutation (4, 33). AR amplification may 
result in sufficient .AR pathway activation to allow for tumor 
growth at low levels of testosterone. Mutations in .AR may conven 
antagonists into agonists or lead to constitutive ligand-independent 
activation of the receptor. For example the missense mutation 
(Thr877Ala) found in LNCaP cells has been identified in patients 
treated previously with flutamide, and this AR" exhibits altered 
iigand specificity (4). Hydroxyfiutamide, adrenal androgens, and 
estrogens induce its activation and promote cell growth. In some 
patients, romor regression may occur aiter faitamide withdrawal (4, 
34). Tnese data suggest that mutation or overexpression of .AR may 
play a role in the progression to an androgen-independenr state. 
.Althoug.h the antiproliferative effects of ar.samycms may be mul- 
tifactoriai and the result of inhibition of AR-independent pathways, 
the ability of ansamycins to degrade mutant as well as wild- type 
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Fig. 6 A and B. response of 
C'ftrRSA6 androgen- independent 
xcnograns to i7-AAG, C and D. 
response of CWR22 androgen-dc- 
pendent xenografts to I7-AAG. 
Ban. ± SE. 



fonrts of .AR suggest that they may be useful in the treatment of 
siich patients. 

In most patients whose rumors relapse after hormonal therapy, 
mutations or amplification of the .AK gene have not been identined. 
Several recent smdies suggest that modulation of AR activity' by 
groT^'th factor accivaied tyrosine kinase pathways allows for pros- 
tate cancer gi'owth at low androgen levels. The epidermal growth 
factor, insulin-like gro^^ ractor-I, keratinocyte growth factor, and 
interleito 6 all induce AR phosphorylation and the expression of 
PSA, a downstream target of .AjR (6, 35). Several lines of evidence 
suggest that HER2 may be important in diis process. HER2 over- 
expression and gene amplification have been identified in a subset 
of padents with prostate cancer (36, 37). HER2 overexpression is 
more common in patients treated previously with hormonal therapy 
and those with androgen-independent metastatic disease (37). 
CWjR22 and LNCaP both express high levels of HER2, and Her- 
ceptin (Trastuzumab), a htimanized monoclonal antibody that binds 
to ;-{E.R2, inhibits the gi'owth of these xenografts (26). A mecha- 
nism for this effect has been proposed by Yeh et al (7) who 
demonstrated tliat KER2 activates AR by inducing its phosphor- 
yladon by RAPKL As i7-A.AG targets both the AJl and PiER2 for 
degradation and thus inactivation, tumors that depend on j>7osine 
kmase pathway-mediated phosphorylation of AR for growth and 
survival after androgen ablation may be particulariy sensitive to 
this agent. 

-Akt, which is downstream of HER2, also phosphorylaies .AR 
and may modulate AR signaling in tumors wi& HER2 overexpres- 
sion (S). We found that \1-K\G dovvTi-reguiated the expression of 
Akt in a dose-dependent manner in the xenograft tumors, although 
this effect was delayed and of a lesser degree than- the effect of 
)7-AAG on .AR and HER2. Hsp90 has been reponed recently to 
associate with .-^Jct and regulate its acti\it>' (38). Therefore, .Akt 
may be a direct target of 17-AAG. Ahemativeiy, the reduction in 



Ala expression caused by 17-AAG could be secondary to down- 
regulation of other pathways by the dms. 

In this report, we show that ] 7-AAG, an inhibitor of 
Hsp90 function, delays the growth of prostate tumors in vivo at 
nontoxic doses. Tne inhibition of growth correlated with re- 
duced expression of AR and RER-family kinases in the mmor. 
The results suggest that ansamycins may represent a new strat- 
egy for the treatment of advanced prostate cancers that depend 
on AR mutations or activated tyrosine kinases for tumor pro- 
gression. Hiunan trials to evaluate the efficacy of 17-.AAG in 
this setting are now in progress. 
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